Background: Supracondylar humerus fractures that present with a perfused, viable hand yet no pulse continue to be a source of controversy. The purpose of this study was to conduct a systematic review of the literature and perform a Pediatric Orthopaedic Society of North America (POSNA) opinion poll regarding management of pulseless supracondylar humeral fractures in children. Methods: A systematic review of the literature was conducted for relevant observational studies concerning neurovascular injuries in supracondylar humerus fractures. Single case reports and non-English language studies were excluded. Data were pooled for defined subgroups and 95% confidence intervals were reported. The results from the literature were then compared to popular opinion via a POSNA-approved survey concerning management of pulseless supracondylar humerus fractures. Results: A total of 331 cases of pulseless supracondylar fractures were identified from the literature, irrespective of perfusion status. In all, 157 fractures remained pulseless after closed reduction and stabilization. Of the fractures that continued to be pulseless despite adequate reduction, 82% [95% confidence interval (CI) = 0.82 (0.76-0.88)] were found to have a documented brachial artery injury. POSNA members presumed this number would be 28% [95% CI = 0.28 (0.22-0.34)]. A total of 98 perfused (aka pink) supracondylar fractures were identified. Of these pulseless, perfused fractures, 70% [95% CI = 0.70 (0.58-0.82)] had a documented brachial artery injury. POSNA members speculated that this number would be 17% [95% CI = 0.17 (0.12-0.22). A total of 54 patients had minimum 1 year follow-up data after vascular revascularization, and 91% [95% CI = 0.91 (0.83-0.99)] of these patients had a patent artery based on vascular studies. POSNA members believed this number would be 55% [95% CI = 0.55 (0.48-0.62)]. Conclusions: Our study revealed that common dogma regarding watchful waiting of pulseless and perfused supracondylar fractures needs to be questioned. In the vast majority of published cases, an absence of pulse is an indicator of arterial injury, even if the hand
S upracondylar humeral fractures are the most common fracture about the elbow in children, and they have been a source of controversy and debate among orthopaedic surgeons for decades. [1] [2] [3] [4] [5] [6] [7] [8] This is in large part because of the significant complications that may occur in conjunction with supracondylar humeral fractures. Associated complications may include stiffness, neurologic deficits, and deformity. [7] [8] [9] However, vascular injury is arguably the most dreaded complication associated with this fracture pattern. 7, [10] [11] [12] [13] As many as 20% of patients with displaced supracondylar humeral fractures may present with an absent pulse. 5, 6, [14] [15] [16] Little debate is generated concerning the management of pulselessness in an unperfused, cool hand. In this setting, the literature supports urgent fracture reduction combined with stabilization and arterial repair as indicated. 9, 11, [17] [18] [19] [20] However, no clear consensus exists regarding the treatment of the patient with an absent pulse and a warm, perfused hand. 11, 20, 21 The purpose of this study was to conduct a systematic review of the literature regarding the incidence of arterial injury in the setting of pulseless supracondylar humeral fractures in children. Furthermore, we aimed to correlate this evidence from the literature with current practitioner opinion on arterial injuries associated with this fracture.
METHODS
A systematic review of the literature was conducted for relevant observational studies concerning vascular injuries in pediatric supracondylar humeral fractures. The electronic databases, PUBMED, Cochrane, and BMJ, were investigated using the term ''supracondylar fracture.'' PubMed yielded 1447 hits with this phrase. When the search was narrowed to include the words ''vascular injury,'' 78 relevant articles were obtained from PubMed. The phrase ''supracondylar fractures and neurovascular injury'' produced an additional 12 articles. Changing ''injury'' to ''complications'' did not obtain any extra articles. The terms ''Volkmann's contracture'' and ''Volkmann's ischemia'' were also searched and led to the addition of 138 and 77 articles, respectively. Neither Cochrane nor BMJ produced any articles concerning vascular complications and supracondylar humerus fractures. The bibliographies of pertinent articles were examined as well, and another 38 potentially applicable articles were found. Finally, the references for the textbooks Skeletal Trauma in Children 17 and Rockwood and Wilkins' Fractures in Children 9 were evaluated with resulting recruitment of an additional 29 previously undetected articles. A total of 117 articles were selected for review of full text, of which 19 met the eligibility criteria for pulseless, perfused supracondylar fractures and were completely reviewed by 2 authors (L.W. and C.M.). 14, 15, 20, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Single case reports and studies with inadequate description of patient population, injury, or outcome were excluded. Additionally, only publications in English were included. A summary of the literature selection process is included in Figure 1 .
Subsequently, a survey was conducted among pediatric orthopaedic surgeons to determine their opinions on the frequency of brachial artery injuries in supracondylar humerus fractures and the success of arterial repairs. This short survey was sent to the Pediatric Orthopaedic Society of North America (POSNA) members and allowed participants to enter their answers in an open-ended fashion. These responses were collected and the mean percentage for each question was determined.
RESULTS
Our systematic review of the literature identified 19 articles that addressed issues related to the management of pulseless supracondylar humerus fractures. 14, 15, 20, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Eighteen of these articles represented case series reports and 1 was a cross-sectional survey. Eight articles specifically mentioned pulseless perfused fractures, whereas 10 made no mention of the perfusion status of the extremity. Table 1 summarizes aspects of the patient population and study design for each article. Figure 2 represents a forest plot of the pooled data on brachial artery injuries in each of the studies. Figure 3 depicts a forest plot of brachial artery injury only from articles that specifically mentioned perfused and pulseless fractures. Figures 4 and 5 summarize the entire study data regarding the cases of confirmed brachial artery injury, which is consistently in the range of 70% or greater in the setting of the pulseless supracondylar patient.
In summary, a total of 331 cases of pulseless supracondylar fractures were reviewed, irrespective of their perfusion status. One hundred and fifty-seven remained pulseless despite adequate reduction. Eighty-two percent of these fractures were found to have a documented brachial artery injury. In contrast, spasm could be proven in only 8% of the cases. Of the articles that specifically mention perfused pulseless supracondylar fractures, 98 fractures were identified. Of these pink, pulseless fractures, 70% had a documented brachial artery injury whereas spasm was found only in 9% cases. 20, 24, 29, 30, [34] [35] [36] Overall, only 1 complication (osteomyelitis) resulted from the open exploration. 30 One case of Volkmann contracture occurred as a result of delayed operative intervention.
14 With regard to reocclusion or stenosis of arterial repairs, Sabharwal et al 35 found that 5 of the 12 patients had reocclusion or stenosis on follow-up with magnetic resonance angiography, Doppler ultrasound, and forearm pressure measurements. However, other articles report normal follow-up upper extremity Doppler examinations 27, 30, 33 and upper extremity pressures.
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A summary of the results for reported patency rates after vascular follow-up are listed in Figure 6 . FIGURE 2. Forest plot summary of studies regarding documented brachial artery injury in pulseless supracondylar fractures. 
DISCUSSION
Treatment of supracondylar fractures has evolved tremendously since Swenson first described his efforts at percutaneous pinning in 1948. [1] [2] [3] [4] Despite the progress, unanswered questions remain. A perfused, viable hand with no pulse continues to be a gray area for which there is no consensus on management. Our study has taken currently available orthopaedic evidence and attempted to zero in on this gray area. Both the reported rate of arterial injury and the reported success rate of arterial repair after this injury seem to be much higher than commonly considered.
Since the 1950s, anecdotal experience regarding the pulseless perfused upper extremity has been handed down advising surgeons to take a watchful waiting approach. 19, 28, 38 These accounts provide reassurance that the ''pulse suddenly comes back'' 28 or that collateral circulation will be adequate. 28 Historically, the need for a patent brachial artery was put to the ultimate test in World War II, when physicians actually ligated the brachial artery to prevent hemorrhaging in military arterial injuries. Of 2471 arterial injuries, DeBakey and Simeone 39 reported that only 5.5% were treated by vascular repair. This treatment strategy led to an amputation rate of 26.5%. 40 Decades later, advancements in vascular surgery were made, and surgeons became more aggressive in attempting brachial artery repairs. These technical advancements led to tangible improvements in clinical [39] [40] [41] This wartime experience provided evidence that results could be significantly improved with a more aggressive approach to arterial injury.
Other evidence in the literature also supports prompt treatment of vascular injuries and cautions that delayed treatment could prove to be devastating. Ottolenghi 42 warned that the rate of Volkmann ischemic contractures increased steadily if vascular compromise remained uncorrected after 24 hours of injury. Additional complications of untreated vascular injuries appear later in the treatment course and include forearm claudication, cold intolerance, thrombus embolization, and retarded development of the limb. 13, 27, 43, 44 Even in the setting of good collateral circulation, Friedman and Jupiter 45 reported 5 cases of untreated well-perfused vascular injuries that resulted in long-term dysesthesia or loss of function. Similarly, Shuck et al 46 reported 2 cases where a delay in arterial exploration resulted in permanent weakness, despite the presence of excellent collateral circulation.
With regard to the treatment of perfused pulseless supracondylar fractures, more than half of the papers located through our systematic review advocated for immediate arterial exploration. In contrast, only 16% of pediatric orthopaedic practitioners would take this approach. 32 Additionally, our survey results show that pediatric orthopaedic surgeons estimate brachial artery injury in 28% of pulseless supracondylar fractures, whereas the literature average is greater than 80%. For perfused pulseless supracondylar fractures, the survey mean estimate for brachial artery injury was 17% compared with the actual reported mean of 70% from the literature. Reported patency rates were also higher than estimated by current practitioners, with an arterial repair success rate of greater than 90% as compared with the survey opinion of a somewhat dismal 55%. These comparisons highlight the discrepancy between the available evidence and popular opinion.
Therefore, the most important take-home message for practitioners is that an absence of pulse is a strong indicator of arterial injury, even if the hand is perfused and warm. In our systematic review, patients with no pulse were overwhelmingly found to have true brachial artery injury. In contrast, arterial spasm could be proven in only 9% (13 of 142) surgically explored patients. Therefore, we cannot always comfort ourselves with the thought that the pulselessness in the supracondylar patient will resolve because it is due to spasm. Instead, the real reason for our assurance should be reliance on collateral circulation. If we choose to treat with close observation, we take a calculated gamble that the rich vascular network about the elbow will provide sufficient perfusion to the rest of the extremity. Unfortunately collateral circulation is not always reliable, with 20% of the population having some variation in the arterial anatomy of the upper extremity. [47] [48] [49] Although long-term complications are rare, delayed surgical intervention has resulted in reported incidences of vasomotor instability, 50 limb length discrepancy, 45 and Volkmann contracture 14 despite the supposed presence of collateral circulation.
This review also suggests that routine arteriography is not necessary because it only confirms a known diagnosis. When the hand is pulseless, the artery is usually injured, and the defect can be best viewed through direct surgical exposure. Therefore, arteriography causes a delay in treatment and usually does not change the management. In addition, the small size of the artery in children predisposes it to iatrogenic injury during arteriography. 43 ,51,52 A reliable noninvasive method available to the surgeon in the operating room would be of great value.
Finally, this systematic review suggests that brachial artery revascularization can be performed successfully, with high patency rates. This finding corresponds to data from the adult general and vascular surgery literature regarding upper extremity trauma and forearm ischemia. 43, 53 In our study, the only paper supporting frequent reocclusion and stenosis examined patients whose revascularization procedure occurred later in the treatment course (2 to 9 d after injury). 35 There are limitations to the evidence conveyed in this study, and the results of our research must be interpreted within the context of the study design. Publication bias may make the results of surgical treatment more likely to be reported. Another limitation relates to the likelihood of selection bias influencing retrospective cohort studies, the predominant study design included in our meta-analysis. Additionally, this study addressed brachial artery trauma as a group. It did not distinguish between injury types such as avulsion or thrombosis, but this differentiation could have an impact on management and would warrant further investigation. Finally, the articles in the review contain heterogeneous descriptions for ''perfused'' and ''pulseless.'' However, the wording does not detract from our conclusions, because the descriptions define the same clinical picture. Most articles clearly state that the pulse was not palpable, and all indicate that the status of the pulse was worrisome on presentation. Also, many of the articles in this review equate ''pink'' with ''perfused.'' Given the variances in skin tones, we would encourage future authors to avoid using these terms as synonyms. ''Perfused'' provides a more accurate description for a viable hand in all ethnic groups. Also, other measurements such as hand temperature or capillary refill would have given further objective data about the degree of ischemia. Nevertheless, our systematic review reveals that common pediatric orthopaedic dogma regarding watchful waiting of reduced and stabilized pulseless, pink supracondylar fractures needs to be questioned. Based on the available literature, an absence of pulse seems to be a warning for arterial damage, even if the hand is perfused and warm. Historically, reports of disastrous outcomes after observation of these injuries have been infrequent. However, data from this study clearly suggests that this treatment strategy should be revisited. Over the years, vascular repair techniques and diagnostic tools have improved, but we have largely ignored these advancements and let policies from the past dictate our decision making process. A change in this doctrine should begin with strong consideration for supplemental diagnostic techniques such as postreduction and pinning ultrasound with color flow Doppler. This tool has been proven to be useful in determining the severity of arterial injury and providing guidance for treatment and its use is illustrated in Figure 7 . 40, [54] [55] [56] [57] [58] [59] [60] Additionally, it is noninvasive and easily attainable. Both the equipment and support staff (including the technician and radiologist) are readily available at all times at most institutions. As a last resort, this study suggests vascular exploration may limit the chance for late complications, and patency rates are reportedly successful enough to make revascularization procedures worthwhile.
